ABSTRACT The effect of dietary crude protein (CP) and additives on odor flux from meat chicken litter was investigated using 180 day-old Ross 308 male chicks randomly allocated to five dietary treatments with three replicates of 12 birds each. A 5 × 3 factorial arrangement of treatments was employed. Factors were: diet (low CP, high CP, high CP+antibiotic, high CP+probiotic, high CP+saponin) and age (15, 29, 35 days). The antibiotic used was Zn bacitracin, the probiotic was a blend of three Bacillus subtilis strains and the saponin came from a blend of Yucca and Quillaja. Odorants were collected from litter headspace with a flux hood and measured using selective ion flow tube mass spectrometry (SIFT-MS). Litter moisture, water activity (A w ), and litter headspace odorant concentrations were correlated. The results showed that low CP group produced lower flux of dimethyl amine, trimethyl amine, H 2 S, NH 3 , and phenol in litter compared to high CP group (P < 0.05). Similarly, high CP+probiotic group produced lower flux of H 2 S (P < 0.05) and high CP+saponin group produced lower flux of trimethylamine and phenol in litter compared to high CP group (P < 0.05). The dietary treatments tended (P = 0.065) to have higher flux of methanethiol in high CP group compared to others. There was a diet × age interaction for litter flux of diacetyl, 3-hydroxy-2-butanone (acetoin), 3-methyl-1-butanol, 3-methylbutanal, ethanethiol, propionic acid, and hexane (P < 0.05). Concentrations of diacetyl, acetoin, propionic acid, and hexane in litter were higher from low CP group compared to all other treatments on d 35 (P < 0.05) but not on d 15 and 29. A high litter moisture increased water activity (P < 0.01) and favored the emissions of methyl mercaptan, hydrogen sulfide, dimethyl sulfide, ammonia, trimethyl amine, phenol, indole, and 3-methylindole over others. Thus, the low CP diet, Bacillus subtilis based probiotic and the blend of Yucca/Quillaja saponin were effective in reducing the emissions of some key odorants from meat chicken litter.
INTRODUCTION
Odor emissions have been identified as a potential threat for the sustainable development of the chicken meat industry. The expansion of existing farms or the establishment of new farms thus depends on effective control of dust and odor emissions. Emissions from meat chicken farms contain a large number of odorants (Murphy et al., 2014) . Some of these odorants can be reduced through dietary manipulation (Chavez et al., 2004; Sharma et al., 2015) . Feeding meat chickens a low protein diet reduces the concentration of putrefactive metabolites in the ceca such as ammonia, amines, C 2016 Poultry Science Association Inc. Received February 8, 2016 . Accepted July 28, 2016 Corresponding author: rswick@une.edu.au phenols, indoles, 3-methylindole (skatole), cresol, and branched chain fatty acids (Qaisrani et al., 2015) . Some of these metabolites are toxic and odorous (Mackie et al., 1998) . A low protein diet formulated to provide all the required amino acids without excesses may reduce putrefaction of animal waste and hence the production of toxic and odorous metabolites in the litter.
Feed additives such as in-feed antibiotics, probiotic and saponin are commonly used in meat chicken diets. In-feed antibiotics reduce the microbial load in the gut and decrease the production of microbial metabolites (Dibner and Richards, 2005) . Bacillus based probiotics improved performance, decreased pathogen load in the gut and reduced the headspace air concentration of ammonia and hydrogen sulfide (H 2 S) in excreta (Jeong and kim, 2014; Zhang et al., 2013) . A blend of Yucca and Quillaja saponin improved growth and feed efficiency in meat chickens (Cheeke, 2009 ) and reduced 851 ammonia emissions in laying hens (Chepete et al., 2012) . Thus, these in-feed additives may have the potential to reduce odor emissions. However, no information in the literature is available to determine whether this is the case. The objective of this experiment was to measure the effect of dietary crude protein (CP) level and additives on odor flux from litter at different ages of meat chickens using selective ion flow tube mass spectrometry (SIFT-MS).
MATERIALS AND METHODS
The experimental procedures were in accordance to the animal ethics committee guidelines of University of New England, Australia. Ethics approval was granted before the studies were conducted.
Bird Husbandry, Experimental Design, and Diets
A total of 180 one-day-old male Ross 308 chicks were allocated to five dietary treatments, each of which was replicated three times with 12 birds per replicate and measured at three ages. The replications were allocated in a completely randomized design. The chicks (35 ± 1 g) were weighed before placements to ensure consistency in pen weights. Each pen measuring 1.2 m × 0.76 m represented one replicate consisting of a feeder and a double outlet cup drinker. A litter collection tray measuring 0.46 m × 0.29 m × 0.065 m was placed in each pen away from the feeder and drinker before litter was spread over the pens to cover the tray. Fresh pine shavings (Hysorb wood shavings, ECW, Australia) were used as litter and added at 10.35 kg/pen. The experiment was designed according to a 5 × 3 factorial arrangement of treatments, and the main factors consisted of diet (low CP, high CP, high CP+antibiotic, high CP+probiotic, high CP+saponin) and age (15, 29, and 35 d) . Two birds from each pen were culled at days 10 and 24 for other experimental purposes.
The composition of experimental diets and their calculated and analyzed nutrients are presented in Tables 1 and 2 . High CP and low CP diets differed by 5% CP in starter phase and 4.5% CP in grower and finisher phases. These were formulated to contain the same ratio of soybean, canola, and meat meals in all phases and similar levels of metabolizable energy and digestible amino acid contents. Low protein diets were supplemented with L-valine, L-isoleucine, L-arginine, L-lysine, D,L-methionine, and L-threonine. Zinc bacitracin (AL-BAC 150, a registered trademark of Zoetis Australia, Sydney) was used as the in-feed antibiotic at the rate of 330 g/t of feed (50 ppm active Zn bacitracin), a blend of three Bacillus subtilis strains (ENVIVA PRO, a registered trademark of Dupont Animal Nutrition, supplied by Feedworks Pty Ltd. Victoria, Australia) was used as a probiotic at 500 g/t to provide 150,000 cfu/g of feed and saponin came from a blend of Yucca schidigera and Quillaja saponaria (NUTRAFITO PLUS, a registered trademark of Desert King International, supplied by Feedworks Pty Ltd. Victoria, Australia) and used at 150 g/t of feed. These additives were added by replacing equal amounts of wheat in the formulation. Feed was mixed and pelleted at 65
• C at the University of New England, Australia. Feed was provided in three phases: starter (0 to 10 d), grower (10 to 24 d), and finisher (24 to 35 d). All feeds were in crumble form to 10 d and in pellet form thereafter until at 35 d. Feed and water were provided ad libitum throughout the study. The lighting program followed the recommendations set forth in the Ross 308 breed management manual (Aviagen, 2014) .
Flux Hood
A modified United States Environmental Protection Agency type flux hood (Figure 1 ) was constructed using a 560 mL, dome-shaped, stainless steel bowl that had an internal diameter of 156 mm that covered a surface area of 0.0191 m 2 (Kienbusch, 1986) . Teflon tubes (1/8" outer diameter) and stainless steel fittings (Swagelock Eastern Australia, Melbourne VIC) were used to construct all the inlet and outlet lines in the flux hood. For uniform incoming airflow distribution inside the flux hood, a 1/8" teflon tube, approximately 295 mm long, was positioned around the inner circumference of the hood and had four holes drilled in it. A short outlet tube (1/8" teflon tube) 260 mm long passed from the hood and connected to the SIFT-MS. A vent was constructed on top of the hood with a 55 mm length and 1/8" teflon tube to prevent pressure fluctuations within the hood.
Litter Collection Trays
The collection trays were carefully removed from each pen without disturbing the litter surface. The trays were covered with aluminium foil and immediately transferred to the laboratory under controlled conditions of 21
• C (±1 • C) with continuous air ventilation. Immediately before odorant analysis, the aluminium foil was removed and the sample litter tray was covered with the fabricated flux hood. The flux hood was purged with ultra-high purity Nitrogen gas (Nitrogen 99.99%, BOC Limited, Australia) at 500 mL/min until the gases under it reached the equilibrium concentration. The other end of the fluxhood was connected to the SIFT-MS, which drew the gas sample at 14 mL/min. Measurements were taken at two different points in the tray and averaged to get a single value. The trays were put back to the respective pens immediately after odorant measurements without disturbing the litter surface. After each measurement, the SIFT-MS was flushed with the ultra-high purity N 2 gas for 8 min to prevent cross contamination within the sampling lines or instrument. Background measurements were done using the same N 2 gas. 
SIFT-MS Measurement of Odorants
Emissions of odorants from the sample litter headspace were measured at 15, 29, and 35 days using SIFT-MS (Figure 2 , Voice 200 SYFT technologies, Christchurch, New Zealand). A method containing 27 compounds, previously identified as key odorants in poultry litter (Murphy et al., 2014) , was developed using the selected ion method scan mode and method development software (LabSyft) of the Voice 200. The targeted compounds were: 2,3-butanedione (diacetyl), 3-methyl-1-butanol, total butanol (1-butanol + 2-butanol), 3-methylbutanal, 3-methylindole (skatole), 3-hydroxy-2-butanone (acetoin), acetic acid, benzene, butanoic acid, 2-butanone, dimethyl disulfide (DMDS), dimethyl sulfide (DMS), dimethyl trisulfide (DMTS), ethyl mercaptan (EM), hexane, hydrogen sulfide (H 2 S), indole, methylamine, methyl mercaptan (MM), naphthalene, total cresol (p-cresol + m-cresol), phenol, propionic acid, trimethylamine, ammonia, methylamine, and dimethylamine. The scan duration was 130 s. The scans were repeated until the measured concentration of the compounds reached equilibrium. Prior to each analysis, the SIFT-MS was run with standard gases which included ethylbenzene, tetrafluorobenzene, toluene, hexafluorobenzene, ethylene, octafluorotoluene, benzene, and isobutene to ensure the instrument's mass-calibration and quantification for these compounds was consistent for each measurement session. A reconfigured sample inlet system was designed to allow a bypass flow system to let the sample gas flow continuously through the inlet. This inlet design was to ensure a minimal sample loss and to retain sample integrity.
Litter Water Activity and Moisture Content
At d 29, approximately 10 g of litter was sampled from the tray before odorant measurements to measure litter water activity (A w ) using tuneable diode laser water activity meter (AquaLab-TDL, Decagon Devices Inc, Pullman, WA, USA). After A w measurements, the sample was stored in an airtight container and refrigerated for 8 hours before measuring the moisture content. At day 35, immediately after odorant measurements, a sample of the same surface litter was placed in a tightly sealed plastic container and stored refrigerated for 8 hours before measuring the moisture content. Correlation between the moisture content of litter and the odorant concentration values was analyzed. Litter moisture and pH were also measured separately at d 35 from the pens housing birds fed the high CP and low CP diets.
Chemical and Gross Energy Analysis
Dry matter contents of diets and litter were determined by subjecting samples to forced air at 105
• C for 48 hours. Litter pH was determined by mixing litter and de-ionised water in a ratio of 1:5 with a pH meter (EcoScan 5/6 pH meter, Eutech Instrument Pte Ltd; Singapore). Nitrogen contents of feeds were determined on a 0.25 g sample with a combustion analyzer (Leco model FP-2000 N analyzer, Leco Corp., St. Joseph, MI) using EDTA as a calibration standard, with CP being calculated by multiplying percentage N by a correction factor (6.25). Analysis of feed for crude fibre, amino acids and Cl was conducted at Experimental Research Station, University of Missouri, USA. Minerals in the feed were analysed using inductively coupled plasma optical emission spectrometer (ICP-OES, Model-725 radial viewed). Gross energy contents of feeds were determined on a 0.5 g sample using an adiabatic bomb calorimeter (IKA Werke, C7000, GMBH and Co., Staufen, Germany) with benzoic acid as standard.
Statistical Analysis
Odorant concentrations were analyzed following a 5 × 3 factorial arrangement using JMP statistical software version 8 (SAS Institute Inc, Cary, NC) to test the main effects of diet, age and their interactions. Odorant concentrations were not normally distributed and thus were transformed to a base 10 logarithm before analysis. Data were subjected to two-way ANOVA with repeated measures, and means were separated by Tukey's HSD test at a probability level of 0.05. Pearson correlation coefficients and associated significance were generated using JMP software to determine the relationship between litter moisture content and odorants. The relationship between litter moisture content and A w was investigated by non-linear (exponential) regression analysis using JMP software.
RESULTS

Feed Analysis
The nutrient contents of finished feeds are presented in Tables 1 and 2 . The analyzed CP was 1 to 2% higher than the calculated values but the trend was similar across all the treatments. The analyzed total amino acid contents in the high CP diets were higher than the low CP diets but the calculated digestible amino acid contents were nearly identical. The dietary electrolyte balance (dEB) calculated as Na + +K + -Cl − and dEB with Mg and S calculated as Na + +K + +Mg 2+ -Cl − -S 2− were nearly identical within each diet but varied across diets. The high CP diets had both forms of dEB approximately 100 higher than the low CP diet in all starter, grower and finisher phases. The S content in the high CP diet was 0.03/0.04 percentage points higher in starter/grower phases but similar in the finisher phase.
Odorants from Litter Headspace
The odorants under the fluxhood in the litter headspace reached equilibrium concentration after 7 to 8 scans in 15 to 20 mins. a) Sulfur Compounds, Phenolic Compounds, Amines, and Ammonia. The effect of diets on concentrations of odorants belonging to the group of sulfur compounds, phenolic compounds, amines, and ammonia are presented in Table 3 . Dimethyl amine, trimethyl amine, H 2 S, ammonia, and phenol were produced at lower levels in litter of the pens housing birds fed the low CP diet compared to those fed the high CP diet (P < 0.05). Birds fed the high CP diet with probiotic produced lower concentration of H 2 S (P < 0.05) in litter than those fed the high CP diet but the level was similar to those fed the low CP diet. Antibiotic addition to the high CP diet had no effect on the release of odorants compared to the high CP only diet (P > 0.05). Similarly, birds fed the high CP diet with saponin produced a lower concentration of trimethylamine and phenol in litter compared to those fed the high CP diet (P < 0.05) but the concentrations of these odorants were similar to those fed the low CP diet. The dietary treatments tended to have a significant effect on the concentration of MM (P = 0.065) and the highest value was observed in the litter of the birds fed the high CP diet. Dietary treatments had no effect on the concentrations of DMS, DMDS, DMTS, methyl amine and total cresol in litter (P > 0.05).
There was an effect of age on concentrations of sulfur compounds, phenolic compounds, amines, and ammonia in litter (Table 3) . Among the amines, the concentrations of dimethyl amine and trimethyl amine increased (P < 0.01) whereas the methylamine concentration decreased (P < 0.01) with age. Among the phenolic compounds, the concentrations of phenol in litter decreased as the birds aged (P < 0.01) whereas total cresol remained constant throughout the study period (P > 0.05). The concentration of ammonia in litter increased with age and the highest concentration was observed at d 35 (P < 0.01). The comparison of concentrations of sulfur odorants in litter at three different ages are presented in Figure 3 b) Compounds Belonging to the Group of Alcohols, Aldehydes, Ketones, Indoles, Short Chain Fatty Acids, and Benzene. There was no effect of diet on the emissions of total butanol, 2-butanone, indole, skatole, acetic acid, and butanoic acid (Table 4) . In contrast, the birds fed the high CP diet with saponin produced a lower concentration of benzene in litter (P < 0.05) than those fed the high CP diet but the Table 4 . Main effect of diet or age on the concentration of odorants belonging to the group of alcohols, ketones, indolic compounds, SCFAs, and others (log 10 μgm −3 ). concentration was similar to that in the low CP diet group. The concentrations of total butanol and 2-butanone increased at d 29 and then remained constant until d 35. The concentrations of indole and skatole were similar at d 15 and 35 but their concentrations were lower at d 29 compared to d 15 (P < 0.05). Acetic acid and butanoic acid concentrations in litter decreased with age (P < 0.01) whereas the benzene concentration increased at d 35 compared to days 15 or 29 (P < 0.05). Table 5 shows the interaction between diet and age on the concentrations of 2,3-butanedione, acetoin, 3-methyl-1-butanol, 3-methylbutanal, ethyl mercaptan, propionic acid, and hexane (P < 0.05). Concentrations of 2,3-butanedione, acetoin, propionic acid, and hexane in litter were higher from the birds fed the low CP diet compared to all other treatments on d 35 (P < 0.05) but not on days 15 and 29. The low CP diet and the high CP diet with saponin produced higher levels of 3-methyl-1-butanol and ethyl mercaptan in litter at d 35 compared to other diets (P < 0.05).
Litter Moisture Content and Odorants
The correlation between litter moisture and odorants is presented in Table 6 . Of the sulfur compounds, only methyl mercaptan (r = 0.453, P < 0.01), hydrogen sulfide (r = 0.482, P < 0.01), and dimethyl sulfide (r = 0.621, P < 0.01) had a significant positive correlation with litter moisture content. Dimethyl disulfide tended to be positively correlated with litter moisture (r = 0.316, P = 0.061). Of the amines, only trimethyl amine had a positive correlation with litter moisture (r = 0.526, P < 0.01). Similarly, only phenol (r = 0.409, P < 0.05) of the phenolic group, indole (r = 0.503, P < 0.01) and skatole (r = 0.344, P < 0.05) had a significant positive correlation with litter moisture. Methyl amine (r = −0.309, P = 0.086), propionic acid (r = −0.318, P = 0.072), and butanoic acid (r = −0.318, P = 0.072) tended to be negatively correlated with the litter moisture content. No correlation was observed between the litter moisture content and odorants belonging to the group of alcohols, aldehydes and ketones.
Litter Moisture Content and Water Activity
There was an exponential relationship between the litter moisture content and A w values at d 29 (r 2 = 0.938, P < 0.01) which is presented in Figure 4 . At d 29, A w increased until it reached the value of 1.0 at a moisture content of approximately 50%.
Litter Moisture Content and pH
The observations of litter moisture and pH with high and low CP diets are presented in Table 7 . Reduction in dietary CP content lowered the moisture content in litter (P < 0.01). The low CP diet also tended to lower litter pH (P = 0.05).
DISCUSSION
Diet can play a significant role in controlling odor issues from meat chicken farms (McGahan et al., 2002) . It has recently been reported that meat chicken diets containing high levels of soybean meal produce a higher concentration of methyl mercaptan, a sulfur containing Table 5 . Interaction effect of diet and age on the concentration of odorants belonging to the group of alcohols, aldehydes, ketones, indolic compounds, SCFAs, and others (log 10 μgm −3 ). odorant (Sharma et al., 2015) . In the same study, diets high in canola meal or soybean meal produced a high concentration of total elemental sulfur at the grower stage. Thus, meat chicken diets with different protein sources can affect the concentration of specific odorants. Similarly, manipulating dietary protein levels may alter the odorant concentrations in litter. Feeding low protein diets supplemented with a range of crystalline amino acids to provide required amino acids without excesses would be expected to reduce the excreted substrates for microbial fermentation to produce odorous metabolites.
In this study, reduction of dietary CP and simultaneous addition of synthetic amino acids lowered the litter headspace concentration of dimethyl amine, trimethyl amine, ammonia, H 2 S, and phenol. Studies in pigs have shown reduced methyl sulfide, carbon disulfide, ethanthiol, phenol, 4-ethyl phenol, indole, and 3-methyl indole concentrations in manure by lowering CP in diet (Le et al., 2007) . Similarly, ammonia emissions have been reduced by feeding meat chickens with low CP diets supplemented with crystalline amino acids (Ferguson et al., 1998; Gates, 2000) . Although lower emissions of ammonia may not necessarily correlate with the reduced odor emission rates (McGahan et al., 2002; Le et al., 2009) , the simultaneous reduction of some odorants along with ammonia by feeding a low CP diet may reduce the overall odor intensity and offensiveness. Interestingly, the concentrations of 2,3-butanedione, 3-hydroxy-2-butanone (acetoin), propionic acid, and hexane were higher in litter from the group fed the low CP diet compared to all other treatments on d 35 but not on days 15 and 29. Also, the group fed the low CP diet as well as the high CP diet with saponin produced higher levels of 3-methyl-1-butanol and ethyl mercaptan in litter at d 35 compared to other groups. These findings suggest that a low CP diet can reduce the production of some odorous metabolites in litter but may (Wadud et al., 2012) and these bacteria positively correlated with the levels of phenol, indole, iso-buyric acid and iso-valeric acid in pigs manure (Cho et al., 2015) . In this study, birds fed the high CP diet had 6 percentage points higher litter moisture than those fed the low CP diet. High litter moisture was positively correlated to higher concentrations of trimethyl amine, hydrogen sulfide, ammonia and phenol. Thus, higher concentratons of these odorants from the birds fed the high CP diet may also be related to high litter moisture content. Further, there was an exponential relationship between litter moisture content and A w at d 29. A w increased with litter moisture up to a level of 1.0 when the moisture level was nearly 50%. This finding was similar to the findings by Himathongkham et al. (1999) . Increased litter water activity enhances the growth of micro-organisms (Payne et al., 2007) , resulting in increased anaerobic degradation of litter. Thus, the difference in the flux of odorants from litter housing birds fed high and low protein diets may be related to the difference in substrates available in litter, changes in litter moisture content, litter water activity, and microbial ecosystem in litter.
Bacillus subtilis is a spore-forming bacterium that can be used as a probiotic in meat chicken diets (Dersjant-Li et al., 2014) . In this study, birds fed the high CP diet with a probiotic based on three strains of B. subtilis produced a lower concentration of H 2 S in litter than those fed the high CP diet. Our results agreed with the findings of Zhang et al. (2013) that there were lower concentrations of ammonia and H 2 S in excreta of meat chickens fed diets supplemented with B. subtilits. Addition of B. subtilis also showed improved nutrient retention, decreased cecal Clostridium and Coliform counts (Sen et al., 2012) , reduced ileal, cecal and excreta Salmonella populations, increased Lactobacillus count in the ileum, caecum, and excreta and reduced E. coli counts in the excreta of meat chickens (Jeong and Kim, 2014; Park and Kim, 2014) . Thus, improved nutrient utilization and reduced counts of H 2 S producing bacterial species such as Salmonella and E. coli in the gastrointestinal tract and excreta may have resulted in lower emissions of H 2 S from litter in the probiotic fed group.
Saponins are natural detergents or surfactants found in a wide variety of plants. The major commercial saponin-containing products are those derived from Yucca schidigera and Quillaja saponaria (Cheeke, 2009) . The group fed the high CP diet with saponin blend produced a lower concentration of trimethyl amine and phenol in litter compared to those fed the high CP diet alone. It has been reported that Yucca extract reduced fecal odors in dogs and cats and altered the chemical array of fecal volatiles . The researchers mentioned that some components of Yucca extracts may directly bind odorants. They also noted that the addition of Yucca extracts to dilute aqueous solutions of dimethyl sulfide, dimethyl disulfide, indole, and skatole reduced the degree of offensiveness. Saponin is also reported to inhibit microbial fermentation of protein (Cheeke, 2000) . All these properties of saponin may have resulted in a decreased concentration of some odorants in this study.
In conclusion, the results of this experiment showed that a low protein diet balanced with supplemental amino acids, a probiotic of three Bacillus subtilis strain and a blend of Yucca and Quillaja saponins were effective in reducing key odorants from meat chickens. However, none of the additives tested reduced the concentrations of odorants in litter below that produced from the low protein diet. Further research is warranted to investigate strategies to reduce odor emissions from birds fed low protein diets, which will have further commercial application in the future. There was a significant correlation between litter moisture content, litter water activity and odorant concentration in litter. A high litter moisture increased water activity and favored the emissions of sulfur containing odorants, trimethyl amine, phenol, indole, and skatole over others. These results may have implications in controlling odor emissions from meat chicken facilities through dietary manipulation and effective control of litter moisture and water activity.
